Building retrofit plays an important role in reducing environmental loads associated with the building stock. The main goal of this article is to perform a comprehensive energy and environmental lifecycle assessment (LCA) of the roof retrofit of a Portuguese single-family house integrating thermal dynamic simulation. A life-cycle model was developed to assess 27 alternative retrofit scenarios combining three types of insulation material (rock wool, extruded polystyrene and polyurethane foam), three insulation levels (40, 80 and 120 mm) and three types of frame material (wood, light steel and lightweight concrete). The functional unit selected for this study was1 square meter of living area over a period of 50 years. Life-cycle (LC) impact assessment results were calculated for six categories showing that wood scenarios had the lowest impacts (all categories). The use phase accounted for 60 to 70% of the LC impacts in all categories. The results also showed that for insulation thicknesses of 80 mm or more, the reduction in operational energy, due to a further increase of 40 mm, is not significant (5% or less), while the embodied impacts increase from 6 to 20%. This article shows the importance of addressing the entire life-cycle of building retrofit to reduce environmental impacts by quantifying the marginal LC benefit of additional insulation levels and provides recommendations for optimal insulation levels for Mediterranean climates.
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3 energy can represent more than 70% of the total energy use (embodied and operational). Ghattas et al. [27] highlighted the importance of identifying the tipping point where LC impacts are minimized, as well as the balance between embodied and operational requirements when increasing energy efficiency in buildings.
The main focus of LCA studies of buildings has been on new buildings. Few studies addressed the retrofit of residential buildings, primarily to evaluate energy efficiency measures, such as thermal insulation of the building envelope [11] , [12] . The main goal of those studies was to improve the energy performance of buildings during the use phase, often neglecting embodied impacts during production and assembly of materials or constructive solutions (construction phase). Moreover, those studies were mainly developed for cold climates, where buildings have very different characteristics and energy requirements comparing to Mediterranean or hot climates [28] , [29] . For instance, Fay et al. [30] demonstrated that, for a residential building in Australia, adding insulation represented a saving of less than 6% of the total embodied and operational energy of the building over a 100-year lifespan, concluding that there may be other strategies worth pursuing before additional insulation (the main strategy in cold climates).
LCA studies for buildings located in Mediterranean climates are rare and focused on new buildings [13] , [20] , [31] - [35] . In the Portuguese context, Monteiro & Freire [15] studied the influence of different exterior walls solutions for a new single-family house. Silvestre et al. [36] addressed the recent European standards in the LCA of different insulation materials in exterior walls. Addressing the entire building, Bastos et al. [37] performed a life-cycle energy and greenhouse gas analysis of three multi-family buildings types from the 1940s in a residential area in Lisbon, Portugal.
The occupancy level of a building influences the operational energy use and the contribution of the different phases to the overall life-cycle of a building [38] , [39] . De Meester et al. [40] and Azar & Menassa [41] emphasized the need to properly account for occupancy during the design phase to M A N U S C R I P T
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4 provide more reliable building energy performance estimates. The integration of thermal dynamic simulation in LCA studies addresses the potential contribution of the occupants' preferences not only in the operational energy use of buildings, but also in the assessment of trades-offs between embodied and operational energy [39] . Several studies used thermal dynamic simulation for operational energy calculation, focusing only on the energy performance of buildings during the use phase [10] , [13] , [42] - [44] ; however, more recently, LCA and thermal dynamic simulation have been integrated to assess constructive solutions for new buildings [45] - [48] . To sum up, very few publications addressed the life-cycle of new single-family houses in a Mediterranean climate, integrating thermal dynamic calculations for operational energy requirements, and none considered the retrofitting of existing buildings.
This article presents the environmental assessment of different roof retrofit scenarios of a Portuguese single-family house using an integrated life-cycle and thermal dynamic simulation assessment. A comprehensive analysis of alternative insulation materials and thickness levels was performed to identify optimal thickness levels minimizing life-cycle environmental impacts. This article is organized in four sections including this introduction. Section 2 presents the model and lifecycle inventory, detailing the components of the retrofit scenarios. Section 3 analyses and discusses the main results. Finally, Section 4 draws the conclusions together and provides recommendations.
Integrated LCA and Thermal Dynamic Simulation
An integrated life-cycle approach combining LCA and thermal dynamic simulation was implemented to assess energy and environmental performances of roof retrofit scenarios. LCA addresses the potential environmental life-cycle (LC) impacts and is organized in four interrelated phases: goal and scope definition, life-cycle inventory (LCI), life-cycle impact assessment (LCIA) and interpretation (ISO 14040:2006) [49] . Thermal dynamic simulation was implemented to calculate operational energy requirements for the inventory analysis.
Goal and scope definition
Roofs are a main priority in building retrofit, especially for buildings over 100 years old. The main goal of this study was to perform a comprehensive LCA of the roof retrofit of a Portuguese singlefamily house. The various life-cycle processes were characterized to identify improvement opportunities in the energy and environmental performance of the roof retrofit. Thus, different roof retrofit scenarios were compared, exploring the influence of the insulation material and thickness on the overall LC performance of the building. This article focus on the second floor, since the roof retrofit mainly affects this floor (the reduction of operational energy requirements due to roof insulation ranged from 25 to 35% in the second floor, but for the other floors was less than 5%). The floors plans, section and main façade are provided in Figure 1 .
Fig. 1 goes about here
The functional unit selected for this study was 1 square meter of living area over a period of 50
years. The service life of a building is related to a range of factors, including the design of the building, construction methods and solutions, user behavior and maintenance strategy. Some of M A N U S C R I P T
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6 those factors are difficult to predict, so this article follows many other studies that have also assumed a 50-year lifespan for buildings. (e.g. [9] , [50] - [53] ).
Inventory analysis
There are three LCI methods: process, input-output (IO) and hybrid. The hybrid approaches have emerged to combine the strengths and minimize the limitations of both process and IO LCI methods. The process-based LCI method is a bottom-up approach and provides more detail at the product level, which allows the analysis of each individual process. However, process-based data suffer from some limitations, such as the so-called 'truncation error', associated with the definition of a finite system boundary [54] , [55] . The IO-based LCI method is a top-down approach that generally appears as a "black box" [56] , without providing detail of individual processes for each model [57] .
IO-based data can provide a practically complete system and describe economic activities in a macro level [57] , but the use of national average data for each economic sector or the conversion from economic data to energy may lead to several limitations. According to Müller and Schebek [58] , IO-based LCI data may underestimate specific emissions while overestimating sector-specific aspects. The hybrid approaches can be superior in terms of system boundaries definition [57] ;
however it can be difficult to implement if there are no IO data available.
This study implemented a process-based LCI to compare alternative processes within the same industry sector (inventories with the same level of incompleteness). Even though process-based LCI data can suffer from a systematic 'truncation error', comparative LCA studies can be considered as relatively insensitive to truncation error [57] . Moreover, classification and aggregation by sector used in IO-based LCI method does not allow modelling specific products or comparing similar products within one industry [54] , [59] , [60] . Both the IO-and hybrid-based methods require IO databases properly disaggregated to be used in process comparative analysis. Updated IO datasets are currently not available for Portugal. Operational energy requirements were calculated using Energy Plus software [61] . 
Embodied requirements
The removal of the original components included dismantling and transport for recycling (roof tiles) or incineration (wood). The original wood frame roof was considered to have been completely removed and replaced by a new roof. The construction phase of the retrofit process included the production of materials and transport to the site, as well as on-site processes: carpentry/joinery, assembly of the wood/steel/concrete structure, insulation and tile placement and interior coating (gypsum plaster board or stucco). Twenty seven roof retrofit scenarios (based on solar passive measures) were defined combining three types of frame material, three types of insulation material and three insulation levels, as presented in Table 1 . All the scenarios considered the same volumetric, slope and outer coat in ceramic tile, given that the character of the building, which dates from the early 1900s, is protected by municipal regulations and cannot be altered. ) and per square meter. Scientific literature [62] and technical data were gathered from producers and contractors in order to calculate the quantities of materials required in each scenario. An additional 5% of materials were considered to have been lost on site due to cutting and fitting processes.
Material production was modeled based on Kellenberger et al. [63] , which presented average
European LCI data. The main inventory data regarding material processing for the construction was obtained from Kellenberger; Spielmann; and Althaus [63] - [65] .
The delivery of construction materials to the building site assumed lorry (3.5 -16t) and van (<3.5t) transportation, with European fleet average characteristics. Inventory data were obtained from Spielmann et al. and Hischier et al. [64] , [66] . The construction material weights and shipping distances for the alternative roofs are presented in Table 3 . Transportation distances, from the building site to the recovery (recycling, incineration) sites, as well as from the production site to the building site, were calculated on the basis of the locations of local material producers and contractors, assuming the nearest locations to the building site. 
Operational requirements
The use phase included energy (heating, cooling, lighting and appliances) and maintenance fixed at 20ºC and 25ºC, respectively, and a natural ventilation rate of 0.6 air changes per hour was considered, in keeping with Portuguese building thermal regulations [2] . The primary energy conversion factor used to convert delivered energy to primary energy was 2.65, as defined by the CED method (more details in section 2.3) for the Portuguese electricity mix.
The Portuguese climate is classified as a maritime temperate climate with a Mediterranean influence under the Köppen-Geiger classification system [67] . The building is located in the central region of Portugal where average temperatures in the winter range from 5ºC (night) and 15ºC (day).
In the summer, the average temperatures range from 16ºC during the night and 29ºC during the mass stays unoccupied for several hours (as the one studied in this article), it is necessary to use more energy (and takes more time) to achieve indoor thermal comfort conditions than in a building with low thermal mass [68] .Thermal dynamic simulation also provides several very specific output variable reports [69] that allow for modeling the building according to its specific needs.
A four-person family with a low occupancy level (representative of a Portuguese household) was considered, with loads mainly at night on weekdays and all day on weekends. This occupancy level consisted of an active couple who works outside the house during the day while their two children M A N U S C R I P T
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go to school. It was also assumed that they will receive a guest one weekend per month (with the same occupation pattern as the other users during the weekend). The heating and cooling systems were only partially activated during occupied hours. The schedule defined for the second floor was from 6 to 8 am and from 10 pm to 12 am within the defined set-points, with a drop in temperature to 18ºC at night during summer.
The internal gains used for the simulation were the number of people, lights and appliances. The number of people varied from none to five according to the occupancy schedule defined for each day of the year. Lights were estimated at 5 W/m 2 and appliances (computers, television, hair dryer and other small equipment) at 300 W (according to the schedule defined for each item of equipment). Hot water energy use was not considered since does not affect the thermal comfort of the house. The main maintenance activities considered are associated with the conservation of the interior and exterior finishes of the building during the 50-year lifespan. The maintenance strategy is mainly corrective, i.e. the components were only replaced or repaired in case of deterioration or detection of anomalies. The maintenance activity schedule (service life of each component) for the roof was established based on data from Kellenberger et al. [63] and material producers. Table 5 presents the main assumptions for the inventory of maintenance activities, including interior painting of walls, varnishing of wood surfaces and plaster board replacement. 
Life-cycle impact assessment methods
Two complementary LCIA methods were applied: CED (Cumulative Energy Demand) measured the non-renewable life-cycle primary energy requirement, in order to address energy resource depletion, while ReCiPe [70] assessed climate change (CC), ozone layer depletion (OLD), terrestrial acidification (TA), freshwater eutrophication (FE) and marine eutrophication (ME). Environmental impacts are presented at midpoint level (problem-oriented) in order to avoid the high uncertainty associated with impacts at endpoint level (damage-oriented). A brief description of the environmental categories is presented in Table 6 . 
Model simplifications
Some simplifications were considered in the life-cycle model. The end-of-life scenario for the roof demolition assumed that i) residues were separated and treated in the same place, ii) waste was removed and transported to the incineration or recycling plant in only one trip. During the construction phase, appliances and transportation of workers to the construction site were not included, because they are expected to be minor in residential buildings [71] . The thermal resistance of insulation materials was assumed to be constant over the 50 years, since EU standards for thermal insulation products for buildings require that the aging process of the products is taken into account. The end-of-life phase of the new roof (dismantling scenarios and waste treatment) was not included because these are not accurately predictable and are considered of minor importance for single-family homes. Furthermore it represents less than 4% of the total environmental impacts of dwellings in southern European countries, according to one European study [71] , M A N U S C R I P T
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Results
The main results from the integrated assessment are discussed and presented in this section. A scenario analysis for the roof retrofit was performed for both frame (section 3.1) and thermal insulation materials (section 3.2). The balance between embodied phase "cradle to gate" and use phase was assessed, as well as the tipping point where total life-cycle impacts reach a minimum value. The results addressed the four phases: removal of the original roof, construction of the new roof, maintenance and operational energy (heating, cooling, lighting and appliances).
Frame material analysis
Three Use phase is the largest contributor in scenarios W and LS, for all categories, accounting for 40 to 70%. For the LWC scenario, the construction phase is the most significant LC phase for three out of six categories, accounting for 30 to 65% of total LC impacts. Construction phase contribution is M A N U S C R I P T
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13 nearly half of use phase to terrestrial acidification and freshwater eutrophication and almost 20% for the other categories. The contribution of demolition (< 3%) and maintenance (< 15%) phases is much less significant (all categories).
Regarding primary energy, use phase accounts for 60% of total energy requirements in the W and LS scenarios, while LWC showed no significant difference between the energy requirements for construction and use phase (about 2%). These results provide a useful perspective on the influence of the frame material in the performance of the different LC phases. Depending on the frame material, the potential for reducing environmental impacts of building retrofit can shift from use phase to construction phase. Primary energy (CED non-renewable) results show high correlation with climate change (and to a less extent with terrestrial acidification and ozone depletion) but not with eutrophication (marine and freshwater). This is to be expected given that climate change, terrestrial acidification and ozone depletion impacts are mainly due to fossil energy use, which is itself characterized by CED non-renewable results. and to scenario LS (13 to 43%), followed by steel (10 to 30%). Lightweight concrete is the main contributor to the LWC scenario (26 to 54%), followed by steel (3 to 22%). The materials with the lowest environmental impacts are wood, oriented strand board (OSB) and stucco. and rock wool thicknesses larger than 120 mm, the embodied requirements become higher than operational requirements (climate change and primary energy). For PUR, the contribution of operational requirements is always more than embodied requirements.
Fig. 5 goes about here
Total LCIA results for rock wool (40, 80 and 120 mm) are presented in Table 7 , which shows the impacts in the main life cycle phases of the roof retrofit (construction and use phase). A contribution analysis was performed to assess the impact of a further increase of 40 and 80 mm in the insulation levels. LC impacts are dominated by the use phase (45 to 70% of total LC impacts) followed by the construction phase (20 to 40%). The main contributor to the use phase is the heating, which accounts for 70% of total operational energy. Cooling requirements accounts for only 8%, and lights/appliances account for 22%. Construction phase impacts for ozone depletion become more significant than operational energy impacts for thicknesses greater than 120 mm.
The results also show that for insulation thicknesses of 80 mm or more, the reduction in operational energy is not significant (5% or less), while the embodied impacts increase from 6 to 20%. The most important absolute benefit is obtained when a 40 mm insulation layer is applied to roofs with no insulation, leading to a decrease in energy use of about 30%. Thus, the energy efficiency benefit of increasing the insulation thickness may not always offset the increase of environmental impacts associated with production. A contribution analysis was performed for each thermal insulation material with 80 mm thickness (the option with the lowest LC impacts in most environmental categories, as discussed previously).
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16 For the three insulation materials, the use phase results in the highest environmental impacts (55 to 80% of total LC impacts), followed by the construction phase (20 to 40%). The main differences between the alternative insulation materials are due to production and transportation.
Regarding the XPS option, the use phase accounts for only 3% of the LC impacts, while the construction phase accounts for 96%. The important contribution of XPS for ozone depletion is caused by the agent used in the extrusion process, namely hydrofluorocarbon (HFC-134a).
Recently some XPS producers have started to use CO 2 as the primary blowing agent as an alternative to HFCs [65] , but this was not considered because no detailed inventory data was available for the XPS production process that is currently being used in Europe. Nonetheless, a preliminary analysis was performed, showing that the use of CO 2 as the primary blowing agent could reduce the impact of material production from almost 97% to only about 11%. However, the thermal insulation properties of CO 2 blown-foam would be significantly compromised [65] . 
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alternative roof retrofit scenarios were assessed combining three types of frame material (wood frame, light steel frame and lightweight concrete slab), three types of insulation material: rock wool (RW), extruded polystyrene (XPS) and polyurethane foam (PUR), and three insulation levels (40, 80 and 120 mm). Primary energy and five environmental categories were evaluated to identify critical aspects of these scenarios, as well as to identify hot spots and improvement opportunities.
Wood frame scenarios presented the lowest environmental impacts in the construction phase.
Lightweight concrete scenarios presented the highest environmental impacts in all categories, with the exception of freshwater eutrophication, where light steel frame scenarios had the highest impacts. The use phase (maintenance and operational energy) accounted for about 40 to 70%
(depending on the scenario and impact category) of the LC impacts. PUR had the lowest LC impacts in 4 out of 6 categories. Rock wool had the lowest environmental impacts in the construction phase for climate change, primary energy and marine eutrophication.
The results quantified the influence of incorporating thermal insulation as a retrofit measure in existing buildings. There was a very significant benefit associated with the improvement of the thermal envelope just by adding 40 mm of insulation in the roof (a reduction of 30% in the operational energy of the second floor). For insulation thicknesses of 80 mm or more, the reduction in operational energy is not significant (5% or less), while the embodied impacts increase from 6 to 20% of.
The integration of thermal dynamic simulation in LCA provides more robust and representative results by considering a more realistic use of the building and avoiding overestimating energy needs. In the dynamic approach, the internal heat gains are computed taking into account the number of estimated persons in each thermal zone (occupancy density) and their metabolic activity, as well as the schedules defined for lighting and appliances.
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Some of the assumptions and simplifications of this study led to several limitations. First, the results were based on a single building (representative of a significant number of buildings in historical city centers) located in a maritime temperate Mediterranean climate, which may not be representative of other locations or building types. Second, process LCI data was used for a detailed comparative analysis, which may underestimate the impacts calculated as compared with IO-based LCA studies.
Third, uncertainty associated with inventory data was not addressed. Fourth, in the thermal simulation model, the schedule defined for occupancy represents a typical Portuguese family, but does not take into account variability due to user behavior. Fifth, the variability in external temperatures throughout the year (and differences between years) due to climate change was also not taken into account in the thermal simulation model. Finally, uncertainty associated with some geometric simplifications and the use of a specific system to calculate heating and cooling requirements was also not addressed.
The results can be useful for other real-life applications helping building designers, stakeholders M A N U S C R I P T M A N U S C R I P T M A N U S C R I P T Freshwater eutrophication represents the environmental persistence of the emission of nutrients containing P. kg P eq Marine Eutrophication (ME)
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Marine eutrophication represents the environmental persistence of the emission of nutrients containing N. kg N eq M A N U S C R I P T Table 7 Life-Cycle Impact Assessment of three rock wool insulation thicknesses: 40 
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